We have performed a screening of hydroxyurea (HU)-sensitive mutants using a single-gene-deletion mutant collection in Escherichia coli K-12. HU inhibits ribonucleotide reductase (RNR), an enzyme that catalyzes the formation of deoxyribonucleotides. Unexpectedly, seven of the mutants lacked genes that are required for the incorporation of sulfur into a specific tRNA modification base, 5-methylaminomethyl-2-thiouridine (mnm 5 s 2 U), via persulfide relay. We found that the expression of RNR in the mutants was reduced to about one-third both in the absence and presence of HU, while sufficient deoxynucleoside triphosphate (dNTP) was maintained in the mutants in the absence of HU but a shortage occurred in the presence of HU. Trans-supply of an RNR R2 subunit rescued the HU sensitivity of these mutants. The mutants showed high intracellular ATP/ADP ratios, and overexpression of Hda, which catalyzes the conversion of DnaA-ATP to DnaA-ADP, rescued the HU sensitivity of the mutants, suggesting that DnaA-ATP represses RNR expression. The high intracellular ATP/ADP ratios were due to high respiration activity in the mutants. Our data suggested that intracellular redox was inclined toward the reduced state in these mutants, which may explain a change in RNR activity by reduction of the catalytically formed disulfide bond and high respiration activity by the NADH reducing potential. The relation between persulfide relay and intracellular redox is discussed.
T
he Keio Collection is a complete set of precisely defined, single-gene-knockout mutants of Escherichia coli K-12 with mutations of nonessential genes (1) . While carrying out screens with the Keio Collection is straightforward, determining a mechanism that explains why the deletion of certain genes results in certain effects is rarely obvious. It is often the case with genome-wide screening that unexpected clones are selected, suggesting a lack in our understanding of either gene function or interactions between genes within complex intracellular networks.
Hydroxyurea (HU) is a well-known DNA replication inhibitor that causes replication fork arrest by depleting deoxynucleoside triphosphate (dNTP) pools (2) , which eventually leads to cell death (3) . HU specifically inhibits class I ribonucleotide reductase (RNR), the enzyme responsible for the synthesis of dNTPs under aerobic conditions (4) . Class I RNRs are composed of two homodimeric proteins, ␣ 2 ␤ 2 . The ␣ 2 dimer, called R1, contains the active sites and binding sites for allosteric effectors, while the ␤ 2 dimer, called R2, contains one dinuclear iron center and one stable tyrosyl radical (Y*), which are essential for enzyme activity (5) . RNR catalyzes the conversion of NDP to deoxynucleoside diphosphate (dNDP). After RNR reduces NDP, the enzyme becomes inactive because a disulfide bond is formed in the active site. An exchange reaction occurs that reduces the disulfide bond of RNR, catalyzed by thioredoxin or glutaredoxin. Regeneration of thioredoxin or glutaredoxin requires reducing power produced by NADPH.
Escherichia coli contain class Ia (RNR1, encoded by nrdA and nrdB), class Ib (RNR2, encoded by nrdE and nrdF), and class III (encoded by nrdD) enzymes. RNR1 and RNR2 are active under aerobic conditions, while class III enzymes are inactivated by oxygen and function under strictly anaerobic conditions. The housekeeping enzyme RNR1 is essential for cell growth, whereas nrdEF mutants are viable (6) . Three modes of transcriptional regulation of the nrdAB operon were previously reported: the SOS response, dNTP shortages, and the DnaA-ATP concentration (7) (8) (9) . Although there is no LexA box upstream from the nrdAB operon, compounds that induce the SOS genes, such as bleomycin, captan, ciprofloxacin, enoxacin, hydroxyurea, N-methyl-N=-nitro-N-nitrosoguanidine, mitomycin C, nalidixic acid, ofloxacin, and hexavalent chromium compounds, were also reported to trigger the expression of the nrdAB genes (10) . Recent evidence suggests that the expression of the enzyme is regulated by negative feedback with dNTP, most likely through the NrdR transcription factor (11) . There are two binding sites for the DnaA protein upstream from the Ϫ35 region of the nrdAB promoter (12) . Gon et al. reported a negative role of DnaA-ATP in nrdAB expression and proposed that the decrease in DnaA-ATP by Hda-dependent ATP hydrolysis following replication initiation results in the cell cycle control of nrdAB expression (13) . Herrick and Sclavi proposed that DnaA-ATP activates transcription at low concentrations and represses it at high concentrations (8) .
In this study, we attempted to clarify the molecular basis between selected clones and selection conditions after genome-wide screening of the Keio Collection. Screens for mutants sensitive to hydroxyurea using the Keio Collection resulted in the discovery of a distinct group of genes that are seemingly unrelated to the screening condition. We believe that such unexpected links give us clues to discover unknown intracellular networks.
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. We used mutants from the systematic collection of single-gene-knockout mutants with mutations of nonessential genes (the Keio Collection) and their parental strain BW25113 (14) . Cells were grown at 37°C with vigorous shaking in LB medium. Where indicated below, the following antibiotics were used at the indicated concentrations: ampicillin (50 g/ml), kanamycin (30 g/ ml), and chloramphenicol (25 g/ml). For construction of doubleknockout strains, the original kanamycin resistance marker was excised by introduction of the Flp-encoding plasmid pCP20 (15) , and then the second deletion mutation was transferred from another Keio Collection mutant by P1 transduction. Where indicated below, hydroxyurea (HU) and thiourea (TU) were added to the medium at the beginning of incubation.
Plasmid constructions. The pKDN31 plasmid (a gift from Barry Wanner) was used to amplify a Venus green fluorescent protein (GFP) fragment by PCR with primers TNP143 and TNP193. The amplified fragment was cloned into the SalI-HindIII site of pSTV29 (TaKaRa Bio), resulting in pTN242. The promoters and short (30 to 60 nucleotide) Nterminal coding regions of nrdAB, nrdEF, soxS, and ahpC were amplified with the following primer sets: for nrdAB, TNP194 and TNP195; for nrdEF, TNP223 and TNP224; for soxS, TNP203 and TNP204; and for ahpC, TNP214 and TNP215. The amplified fragments were cloned into the BamHI-SalI site of pTN242, creating pTN244, pTN250, pTN246, pTN247, and pTN249, respectively. For construction of the sulA-GFP plasmid, a PCR fragment encompassing the sulA promoter and a short N-terminal portion of the coding region (primers TNP126 and TNP151) was cloned into the BamHI-SalI site of pHSG399 (TaKaRa Bio), resulting in pTN163. The pKDN31 plasmid was used to amplify a Venus GFP fragment by PCR with primer set TNP143 and NYP273. This PCR fragment was cloned successively into pSTBlue-1 (Novagen) and the SalISphI site of pTN163, creating pTN167. The sulA-GFP fragment of pTN167 was recloned into the BamHI-EcoRI site of the low-copy-number vector pHSG576 (16) . The resultant plasmid, pTN175, was used for monitoring the SOS response. pBR-hda was constructed by recloning the XhoI-HindIII fragment of pCA24N-hda (without GFP [ϪGFP version]) (17) into the SalI-HindIII site of pBR322. Primer sequences are listed in Table S1 in the supplemental material.
Screening of HU-sensitive clones and colony quantification. The medium used for primary screening was LB medium containing 30 g/ml kanamycin, 1% agar, and 7.5 mM HU. The mutants from the Keio Collection, stored in 384-well microplates, were inoculated by using a robot (RoToR; Singer Instruments) onto the surface of the screening plates, which were then incubated at 37°C for 18 h. In the first screening, highly HU-sensitive clones were selected using a cutoff value of 0 (colony density on HU/colony density on LB). The screened mutants were cultured independently and tested for HU sensitivity by spotting on LB plates containing 0 to 10 mM HU in a dilution series (10 0 , 10 Ϫ2 , 10 Ϫ4 , and 10 Ϫ6 ). Mutants that did not show sensitivity at the 10 Ϫ4 dilution on the plate containing 7.5 mM HU were excluded. For colony quantification, plates were scanned in tagged image file (TIF) format at 300 dpi, 24-bit color, and transparency mode. Scanned images were converted to grayscale for image analysis. The colony region was determined by Otsu's thresholding method. Colony area was measured by counting the pixel number within the colony region, and colony density was described by colony integrated optical density (IOD) (18) , which is expressed as C ϭ ⌺ iϭ1 n ͑I i Ϫ I BG ͒ where I i is the light intensity of pixel i located inside the colony region and I BG is the mean light intensity of pixels located outside the colony region (background).
Flow cytometry analysis. Cells harboring a GFP fusion plasmid were grown to exponential phase (optical density at 600 nm [OD 600 ] of 0.4) in LB medium containing 25 g/ml chloramphenicol with or without 5 mM HU and diluted 50-fold with phosphate-buffered saline (PBS). All data were collected using a FACScan flow cytometer (Becton, Dickinson) with a 488-nm argon laser and a 515-to 545-nm emission filter (FL1) at a low Real-time PCR. Cells were inoculated into LB broth and incubated at 37°C until the cell density reached an OD 600 of 0.4. Total RNA was extracted from the cells obtained from 500 l of culture, using an RNeasy minikit (Qiagen). cDNA synthesis was carried out from 1 g of total RNA using PrimeScript reverse transcriptase (TaKaRa Bio). For quantification of cDNA, SYBR premix EX Taq (TaKaRa Bio) with the nrdB primers TNP221 and TNP222 was used for a real-time PCR performed in a DNA Engine Opticon cycler (MJ Research).
Thiol detection assay. Cells were inoculated into LB broth and incubated at 37°C until the cell density reached an OD 600 of 0.4. A 200-l aliquot of the culture was transferred to a microcentrifuge tube containing 40 l of 100% trichloroacetic acid (TCA) and mixed thoroughly by vortexing. The cell lysate was placed on ice for 20 min and then centrifuged at 13,000 ϫ g for 10 min. Supernatants were removed, and pellets were washed with 300 l of ice-cold acetone for 20 min on ice. After pellets were dried, 50 l of 1 g/ml ThioStar (ArborAssays) in PBS containing 0.5% SDS was added. Pellets were dissolved by pipetting and incubated at 37°C for 30 min. Fluorescence was measured with excitation at 410 nm and emission at 550 nm using a SpectraMax Gemini EM (Molecular Devices). Protein concentration was measured with the bicinchoninic acid (BCA) protein assay kit (Pierce). In the case of purified proteins, cells harboring pCA24N-based expression plasmids (17) were grown in 10 ml of LB medium containing 25 g/ml chloramphenicol and 40 M isopropyl-␤-Dthiogalactopyranoside (IPTG) at 37°C until the cell density reached an OD 600 of 0.4. Cells (10 ml) were transferred into a 50-ml tube containing 2 ml of 100% TCA. After an acetone wash, 1 ml of 1 g/ml ThioStar in PBS containing 0.5% SDS was added. Pellets were dissolved by pipetting and incubated at 37°C overnight. Cell lysates were transferred to 1.5-ml tubes containing 100 l of Ni-nitrilotriacetic acid (NTA)-agarose (Invitrogen). After 15 min of rotation at room temperature, supernatants were removed and the Ni-NTA-agarose was washed twice in 1 ml of PBS. Proteins were eluted using 100 l of PBS containing 300 mM imidazole. Fluorescence was measured with excitation at 410 nm and emission at 550 nm using a SpectraMax Gemini EM, and protein concentration was determined with a BCA protein assay kit.
Quantification of nucleotide levels. Samples for nucleotide measurement were processed as described previously, with minor modifications (19) . Briefly, cells were incubated in 50 ml of LB with vigorous shaking (170 rpm) until the OD 600 reached 0.4. Cultures were filtered under vacuum using a 0.4-m-pore-size filter. Cells on the filter were immediately washed with Milli-Q water to remove extracellular components and then quickly immersed in 2 ml of methanol containing 2.5 M (each) internal standards methionine sulfone, morpholineethanesulfonic acid (MES), and D-camphor 10-sulfonic acid. The dishes containing the filters were sonicated for 30 s to resuspend the cells. A 1.6-ml portion of the cell suspension was mixed with an equal volume of chloroform and 640 l of Milli-Q water. After vortexing and centrifugation, the aqueous layer was recovered and ultrafiltered by centrifugation at 9,100 ϫ g using an Amicon Ultrafree-MC ultrafilter device (Millipore). The filtrate was dried and then dissolved in 25 l of Milli-Q water before capillary electrophoresistime of flight mass spectrometry (CE-TOF MS) analysis. For quantification, normalized concentration values are shown; these were calculated by dividing the measured value by the median from simultaneously measured samples.
Measurement of respiration activity. To examine respiration activity, we used a Microbial viability assay kit-WST (Dojindo). The assay was performed according to the manufacturer's instructions.
RESULTS
Expression of RNR was reduced in group II (mnm 5 s 2 U modification) mutants. Keio Collection mutants were first screened on solid LB medium containing 7.5 mM HU at 37°C for 18 h. Of the 3,985 mutants, 21 were unable to form colonies (see Tables S2 and  S3 in the supplemental material). Unexpectedly, seven (those with mutations in iscS, mnmA, or tusABCDE, designated group II mutants) had deletions of genes involved in sulfur incorporation into the modified tRNA base 5-methylaminomethyl-2-thiouridine (mnm 5 s 2 U) (20) . While iscS is required for this tRNA modification, it is also a member of the isc operon that is required for synthesis and repair of iron-sulfur (Fe-S) clusters (see Fig. 7 ).
Davies et al. clarified how HU induces cell death (3). Surprisingly, the direct cause of cell death was not inhibition of DNA replication but generation of reactive oxygen species (ROS) in the cytoplasm. To monitor the intracellular production of ROS (superoxide and peroxide), we constructed plasmids carrying soxS-GFP and ahpC-GFP, which are regulated by SoxR and OxyR, respectively. In addition, we constructed the sulA-GFP plasmid to monitor the SOS response (21) . We confirmed that the plasmid copy numbers in BW25113 and group II mutants were almost identical. Except for the ⌬iscS mutant, ROS levels were not drastically increased in group II mutants in response to HU exposure (Fig. 1A) . IscS is involved in the synthesis and maintenance of Fe-S clusters, including three succinate dehydrogenase clusters and several subunits of NADH dehydrogenase, which is known to generate superoxide (22) . YfaE, a 2Fe-2S cluster ferredoxin that is involved in the biosynthesis and repair of the diferric-tyrosyl radical cofactor of the ribonucleotide reductase (RNR) R2 subunit, also requires IscS. The remainder of group II comprises mutants that grow slowly in the absence of HU and more slowly still in its presence (see Fig. S1 in the supplemental material). Since ROS generation is not the cause of HU sensitivity in group II mutants, except for the ⌬iscS mutant, we speculated that the slowgrowth phenotype is caused by the reduced supply of dNTP via an inhibitory effect of HU on RNR (6). We measured RNR expression levels both with and without 5 mM HU using a promoter activity assay (nrdAB-GFP). In LB liquid medium, HU had almost no effect on cell growth but did affect gene expression levels. As shown by the results in Fig. 1B , group II mutants expressed less RNR than wild-type (WT) bacteria in both the presence and absence of HU. This was confirmed by quantitative real-time (qRT)-PCR (Fig. 1C) . Although the basal levels of RNR expression were lower in mutants, the induction upon HU exposure was still observed. We also confirmed that the minor RNR encoded by nrdEF was not overexpressed in group II mutants (see Fig. S2 in the supplemental material), suggesting that RNR2 does not compensate RNR1 activity in mutants. The ⌬iscS mutant expressed more RNR than did other group II mutants in the presence of HU, suggesting that ROS generation enhances RNR expression via the SOS response.
RNR activity is more sensitive to HU in group II mutants. Since group II mutants showed reduced expression of RNR, we next examined whether they might display dNTP limitation. We measured intracellular nucleotide levels by capillary electrophoresis-mass spectrometry (19) . Since deoxyguanosine phosphates (dGXP) could not be determined reliably due to their poor separation from the corresponding adenosine phosphates (AXP), the levels of other nucleotides were determined (see Table S4 in the supplemental material). A slightly elevated total dNTP level was observed in ⌬mnmA mutants (see Fig. S3 in the supplemental material), suggesting that a shortage of dNTPs does not occur by group II mutation in the absence of HU. Since RNR catalyzes the reduction of NDPs to dNDPs and supplies all deoxyribonucleoside phosphates (dNXPs), we compared the sum of dNXP and NDP levels in WT and ⌬mnmA bacteria ( Fig. 2A and B) . In the absence of HU, almost the same levels of dNXP and NDP were observed, suggesting that RNR activity in the ⌬mnmA mutants is not impaired. Although the effect of HU was not obvious when intracellular dNXP levels (RNR products) were compared ( Fig. 2A) , the product/substrate rates (dNXP/dNDP) clearly exhibited an inhibitory effect of HU on RNR activity (Fig. 2C ). This effect was more severe in ⌬mnmA mutants than in WT bacteria. Since HU works more efficiently on agar plates than in liquid medium (3), it is possible that dNTP limitation occurs in group II mutants when they are grown on agar plates containing 5 to 7.5 mM HU. To determine whether reduced expression of RNR is the cause of HU sensitivity in group II mutants, we performed a complementation test with an nrdB-expressing plasmid (17) . Trans-supply of the R2 subunit complemented the HU sensitivity of ⌬mnmA and ⌬tus mutants but not of the ⌬iscS mutant (Fig. 1D) . This result also demonstrated that the HU sensitivity of the ⌬iscS mutant is caused by ROS production, whereas the other group II mutants are HU sensitive due to reduced expression of RNR.
RNR expression is repressed by DnaA-ATP and NrdR-ATP/ dATP in group II mutants. Three modes of transcriptional regulation of the nrdAB operon were previously reported: the SOS response, dNTP shortages, and the DnaA-ATP concentration (7) (8) (9) . In the presence of HU, the SOS response can be induced by both ·OH formation and the blocking of DNA replication (23) . To ascertain whether the SOS response is mainly caused by ·OH formation or inhibition of DNA replication, we used the ·OH scavenger thiourea (TU), which, although similar in structure to HU, is considered unlikely to inhibit RNR activity because it lacks the key hydroxyl group that inactivates RNR (24) . TU should thus reduce only an SOS response that is caused by ·OH formation. Importantly, when HU and TU were added simultaneously, the HU-induced SOS response was negated in both WT and ⌬mnmA bacteria (Fig. 3A) . However, the WT still retained substantial RNR induction-in contrast to ⌬mnmA mutants (Fig. 3B) , suggesting that the induction of RNR expression by HU in the group II mutants is mainly due to the SOS response-and almost no other induction was observed. HU is a specific inhibitor of RNR and may induce RNR expression indirectly as a result of intracellular dNTP shortage. This induction is thought to occur via a conformational change of the transcriptional repressor NrdR (25) . Postulating that the repression might continue in group II mutants even after the addition of HU, we tested nrdR deletion strains but observed almost no further induction in ⌬mnmA ⌬nrdR mutants (Fig. 4A) .
The binding of DnaA to the nrd promoter can either activate or repress according to its concentration and its nucleotide-bound state (9); DnaA-ATP binding to high-affinity sites is required for the activation of nrd transcription, whereas binding to the lowaffinity site represses its transcription. Since CE-MS data indicated that the intracellular ATP/ADP ratio is high in ⌬mnmA mutants (Fig. 4B) , we suspected that a high DnaA-ATP/DnaA-ADP ratio might repress RNR expression. Hda catalyzes the conversion of DnaA-ATP to DnaA-ADP, and we therefore observed the effect of overexpression of Hda in the group II mutants. Overexpression of Hda increased RNR expression in ⌬mnmA mutants in an IPTG-dependent manner (Fig. 4C) . Furthermore, we confirmed that the overexpression of Hda complemented the HU sensitivity of ⌬mnmA (Fig. 4D) . However, RNR expression in ⌬mnmA mutants was not fully restored even in the presence of 250 M IPTG. It was previously proposed that when NrdR binds ATP/dATP, it undergoes a conformational change that affects DNA binding and, hence, RNR gene expression (26) . Considering the fact that the intracellular ATP/ADP ratio is high in ⌬mnmA mutants (Fig. 4B) , it was expected that both DnaA-ATP and Nrd-ATP/dATP participate in the repression of RNR expression. As shown by the results in Fig. 4C , almost full recovery of RNR expression was observed in ⌬mnmA ⌬nrdR mutants by overexpression of Hda. From these results, we conclude that DnaA-ATP and NrdR-ATP/dATP repress RNR expression in group II mutants, probably due to a high intracellular ATP/ADP ratio.
High intracellular ATP/ADP ratio may be due to high respiration activity. The CE-MS data showed that not only the intracellular ATP/ADP ratio but also the NTP/NDP and dNTP/dNDP ratios were high in the group II mutants, indicating a high ATP production rate, since NTP/dNTP are converted from NDP/ dNDP and ATP by nucleoside diphosphate kinase. We determined the respiration activity of group II mutants using an assay based on the extracellular reduction of WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphonyl)-2H-tetrazolium monosodium salt] by NADH (NADPH) produced via electron transport and an electron mediator. Bacterial growth rates generally correlate with respiration rates (27, 28) , but group II mutants showed high respiration activities compared to other mutants having similar growth rates (Fig. 5) . The high NADH/ NADPH production rates indicate high intracellular reducing power in group II mutants. Thus, we next checked whether the group II mutations might affect the intracellular redox state.
Intracellular sulfur redox in group II mutants is highly inclined toward a reduced state. Disruption of the Tus sulfur relay could result in the accumulation of cysteine and/or Tus proteins with persulfide (R-S-SH) moieties in the cytoplasm (see Fig. 7 ). The sulfhydryl group of cysteine, a potent reducing factor which is critical for the activity of many proteins, has a strong influence on the environmental redox potential in certain cellular compartments in vivo. Persulfide is regarded as an activated form of sulfur (29) . The Tus proteins potentially donate sulfur to multiple proteins (30) , and thiol proteins possessing this functional group may be in a semireduced form of a thiol (31) . Two experimental observations led us to postulate that group II mutations might affect the intracellular sulfur redox state. In group II mutants, sufficient RNR activity is maintained despite the low level of RNR expression (Fig. 1B and 2C) , suggesting that the RNR activity per molecule is high. RNR activity depends on free radical formation, in which cysteines of the enzyme become free radicals (4). The other supporting evidence is the high intracellular ATP/ADP ratio. A highly reduced intracellular state could contribute to the production of NADPH or NADH, which would in turn promote ATP production.
We first tested whether group II mutations affect the intracellular sulfur redox state, using the thiol-detecting reagent ThioStar, which reacts with free thiol groups to generate a fluorescent product. Extracts of ⌬mnmA cells displayed more fluorescence, suggesting that they are in a significantly more reduced state than WT cells (Fig. 6B, left) . We also examined the thiol-redox state of the RNR subunit R1 (NrdA), using a histidine-tagged recombinant protein expressed from a pCA24N-based plasmid (ϪGFP version) (17) . ThioStar was added to cell lysates, and the fluorescence of purified NrdA was then measured. The result of the second experiment (Fig. 6A, NrdA bars) was similar to the result of the first experiment (Fig. 6A, Lysate bars) , suggesting that RNR is more active in ⌬mnmA mutants than in the WT (Fig. 6A, middle) . A comparable result was obtained when the same experiment was performed using a plasmid encoding OxyR (Fig. 6A, right) , a sulfur redox sensor whose function is activated by disulfide bond formation between Cys199 and Cys208 (32) .
If intracellular sulfur redox is more inclined toward the reduced state, the cell should be more resistant to sulfur-oxidizing challenges. To examine this possibility, we used the sulfur-oxidizing agent diamide (DA) to assess the effect of thiol redox on both RNR expression and OxyR activity (ahpC-GFP expression). In WT cells, the addition of diamide activated OxyR activity, as previously shown (33) , and slightly enhanced RNR expression (Fig. 6B) . In contrast, almost no effect was observed on either RNR or OxyR expression in ⌬mnmA cells (Fig. 6B) , which could be explained by the strong intracellular reducing power in the mutants. Furthermore, we found that group II mutants are highly sensitive to the reducing agent dithiothreitol (DTT) (Fig. 6C) , although the pattern of sensitivity differs slightly from that of HU sensitivity. In the case of DTT sensitivity, ⌬mnmA and ⌬tusE mutants were significantly more sensitive than the rest of the group II mutants. MnmA and TusE participate in the sulfur relay downstream from the TusBCD complex, indicating the importance of the TusBCD complex in the intracellular redox state. Figure 7 shows a proposed model based on our experiments. Our data suggested that group II mutations affect intracellular redox states (Fig. 6A) , which may explain a change in RNR activity by reduction of the catalytically formed disulfide bond and high respiration activity by the NADH reducing potential. In both cases, it would result in repression of RNR expression. An increase in the ATP/ADP ratio enhances both repressors, DnaA-ATP and NrdR-ATP (Fig. 4C) ; on the other hand, activation of RNR would promote the negative feedback loop by NrdR-dATP. Although the model seems to convincingly explain the phenomena observed, several pieces of direct evidence are still lacking.
DISCUSSION
First, it is totally unknown how Tus proteins with persulfide moieties affect other thiol-regulated enzyme activities. It was hypothesized that persulfides represent a semireduced form of a thiol and that thiol proteins possessing this functional group may actually be either in an enhanced or inhibited state, depending on which state of a thiol is required for enzyme activity (31) . Indeed, a recent report indicates that persulfide formation in cells is highly prevalent and that persulfide formation at the catalytically crucial thiol of glyceraldehyde-3-phosphate dehydrogenase results in an enzyme with increased activity (34) . Hence, it may be possible that this sulfur relay directly transfers a persulfide group to thiol proteins and regulates their enzyme activities. In the case of RNR, persulfidation is expected to enhance enzyme activity, since reduction of the catalytically formed disulfide bond is at least partially rate limiting (35) . Our data suggested that the sensitivity of OxyR is also affected by group II mutations (Fig. 6B) . There was also an implication that the activity of the H 2 O 2 scavenger AhpC was elevated in group II mutants, since the basal level of the SOS response was low in these mutants (Fig. 1A) . The prime scavenger of hydrogen peroxide, the AhpF-AhpC system (36) , utilizes the Cys-based peroxidatic mechanism, where the sulfur redox state is crucial for its activity (37) . These observations indicate that group II mutations affect not only RNR activity but also many enzyme activities regulated by the thiol redox state.
The DTT sensitivity test indicated the importance of the TusBCD complex in terms of intracellular redox (Fig. 6C) . Orthologues of TusB, TusC, and TusD are found in gammaproteobacteria, as well as in some phototrophic bacteria that have a large gene cluster responsible for sulfur redox modulation (38, 39) . It could be possible that this TusBCD complex has substrates other than TusE (30) . Therefore, persulfide activation of the catalytically crucial thiol could be a general phenomenon. There is an indication that the persulfide relay is under the control of a certain regulation mechanism. The tusBCD operon contains yheO, which encodes the predicted DNA-binding transcriptional regulator at the first position in the operon (EcoCyc: http://ecocyc.org/). Although the precise binding site of YheO is not known, it is often the case with the transcription factors that they regulate their own operons (40) . YheO contains two distinct motifs, a helix-turnhelix (HTH) domain that indicates DNA binding and a PAS domain. The PAS domain is a protein domain contained in many signaling proteins, where it functions as a signal sensor (41) . Hence, it is conceivable that the expression of the TusBCD complex is induced by environmental signals.
Second, how the sulfur redox state affects the NADH/NADPH reducing potential is not clear. NADPH is believed to be a source of intracellular reducing power, and the NADPH redox state may affect both the thiol and the NADH redox state. Although there is no evidence, so far, that an accumulation of thiol reducing power increases the NADH reducing potential, the link is expected so as to rationalize the RNR transcriptional regulation. Our data showed that the ATP/ADP ratio is crucial for RNR expression in terms of both transcription factors, DnaA-ATP and NrdR-ATP/ dATP. The expression of RNR should be tightly regulated in accordance with its activity, since an excess supply of dNTPs increases mutation rates (42) . Therefore, the link between RNR activity and the intracellular ATP/ADP ratio should be explained in order to interpret RNR transcriptional regulation in the sense of biological requirements. Previous work by Ortenberg et al. had already made a link between the activities of the thioredoxin/glutaredoxin enzymes and a change in the transcription regulation of RNR expression by DnaA (43) .
Third, we also cannot exclude the possibility of indirect effects of translation. However, we do not think this is the main contributor to HU sensitivity because, of 10 genes involved in mnm 5 s 2 U modification, only seven deletion mutations of genes that participate in sulfur incorporation were selected in the present screening. We also confirmed that only these selected mutants showed significantly decreased RNR expression (see Fig. S4 in the supplemental material) and a specific response to TU (see Fig. S5 in the supplemental material). The mnm 5 s 2 U base is used in tRNA lys and tRNA Glu for AAA (AAG) and GAA (GAG) codons, respectively (44) . If indirect effects of translation cause reduction of RNR expression, these codon usages of the genes involved in RNR pro-
FIG 7
Persulfide relay and RNR expression. Deceleration of the Tus sulfur relay results in a change of intracellular redox, which may repress RNR expression by two independent pathways. Intracellular reducing power (NADH) promotes ATP production. The concentration of ATP is sensed by DnaA and NrdR, and RNR expression is downregulated by DnaA-ATP and NrdR-ATP. On the other hand, a reduced environment activates RNR activity via the redox state of cysteine residues, which may produce dNDPs. dNDPs are efficiently converted to dNTPs from the ATP pool. RNR expression is repressed by NrdR-dATP. S, sulfur; SH, thiol group. duction must be higher than average. However, these codon usages of nrdA and nrdB are not particularly high and it is also true for dnaA and hda, which encode the key regulators of RNR expression. Nevertheless, it is almost impossible to exclude all the effects of translation, considering its pleiotropy.
It was totally unexpected that deletions of genes required for specific tRNA modifications would affect the intracellular redox state, enzyme activities regulated by the thiol redox state, respiration activity, the ATP/ADP ratio, nucleoside triphosphate levels, and DnaA activity. These results signify that seemingly disparate individual events are closely interconnected, creating complex intracellular networks. The tRNA modification 5-methyl-2-thiouridine (xm 5 s 2 U) is universally conserved in bacteria (mnm 5 s 2 U), mitochondria (m 5 s 2 U), and eukaryotes (mcm 5 s 2 U). We therefore expect that thiolation of tRNAs may modulate intracellular redox not only in Escherichia coli but also in a wider range of organisms.
